Spore pigmentation is very common in the fungal kingdom. The best studied pigment in fungi is melanin which coats the surface of single cell spores. What and how pigments function in a fungal species with multiple cell conidia is poorly understood. Here, we identified and deleted a polyketide synthase (PKS) gene PfmaE and showed that it is essential for multicellular conidial pigmentation and development in a plant endophytic fungus, Pestalotiopsis fici. To further characterize the melanin pathway, we utilized an advanced Aspergillus nidulans heterologous system for the expression of the PKS PfmaE and the Pfma gene cluster. By structural elucidation of the pathway metabolite scytalone in A. nidulans, we provided chemical evidence that the Pfma cluster synthesizes DHN melanin. Combining genetic deletion and combinatorial gene expression of Pfma cluster genes, we determined that the putative reductase PfmaG and the PKS are sufficient for the synthesis of scytalone. Feeding scytalone back to the P. fici DPfmaE mutant restored pigmentation and multicellular adherence of the conidia. These results cement a growing understanding that pigments are essential not simply for protection of spores from biotic and abiotic stresses but also for spore structural development.
Introduction
Pigments are very commonly produced by fungi and are known to protect them from various environment stresses (Eisenman and Casadevall, 2012; Geib et al., 2016) . For example, fungal carotenoids play a protective role against oxidative stress and UV light (Avalos and Limon, 2015) . Aspmelanin is a characterized pigment from Aspergillus terreus that confers resistance against UV irradiation and blocks phagocytosis by soil amoeba (Geib et al., 2016) . In A. flavus, the dark brown pigment asparasone, derived from anthraquinones, is important for sclerotial survival (Cary et al., 2014) . The orange spore pigment endocrocin and conidial melanin are A. fumigatus virulence factors that function through inhibiting neutrophil migration and hampering LC3-associated phagocytosis by the host respectively (Berthier et al., 2013; Akoumianaki et al., 2016) . Fusarubins are red pigments mainly responsible for the coloration of the sexual fruiting body, the perithecia, in Fusarium fujikuroi (Studt et al., 2012) . Therefore, characterization of the biosynthetic pathways and structural elucidation of these pigments in fungi are very important to understand how these metabolites impact resistance to environmental stresses, pathogenesis and fungal development.
Several studies have linked pigments with spore cell wall formation Geib et al., 2016) . The best described pigments are melanin(s) in fungal species with single cell spores. For example, melanin was reported to be a component of cell walls of Cryptococcus neoformans spore based on observations by the scanning electron and atomic force microscopy (Eisenman et al., 2005) . Melanins have also been characterized as cell wall components for other single spore species including Aspergillus spp. (Upadhyay et al., 2016) , Candida albicans (Walker et al., 2010) , Coccidioides sp. (Nosanchuk et al., 2007) , and Sporothrix schenckii (Morris-Jones et al., 2003) . In Metarhizium robertsii, a pigment was mainly concentrated in the outer cell wall of single cell conidia in a high density form . Disruption of the MrPKS1 gene in M. robertsii resulted in the loss of this pigment in the cell wall. However, the product of MrPKS1 was not identified . Deletions of PKS12 and PKS13 in the phytopathogen Botrytis cinerea resulted in the loss of spore pigmentation although chemical characterizations of PKS12 and PKS13 products were not achieved (Schumacher, 2016) . The best described spore melanin biosynthetic pathway is 8-dihydroxynaphthalene (DHN) pathway found in the human pathogen A. fumigatus (Butler and Day, 1998; Fujii et al., 1999; Henson et al., 1999; Watanabe et al., 1999; Watanabe et al., 2000; Tsai et al., 2001; Fujii et al., 2004; Pihet et al., 2009) . DHN melanin is a critical virulence factor for this fungus and important for spore integrity (Jahn et al., 1997 (Jahn et al., , 2000 (Jahn et al., , 2002 Langfelder et al., 1998) . Recently, studies of Alternaria alternata and the endophytic fungus Pestalotiopsis microspora demonstrated a role for melanin in multicellular spore formation by deletion of PKSs respectively (Yu et al., 2015; Wenderoth et al., 2017) . These findings led to our interest in studying which pigments and how the pigments function in species with multicellular conidia. Searching the genome for pigment biosynthetic genes in P. fici genome, we found a putative PKS with considerable homology to other melanin encoding enzymes. Deletion of the PKS encoding gene PfmaE led to colorless conidia and serious fractures on conidial surfaces in P. fici which is consistent with the deletion of pks1 in P. microspora (Yu et al., 2015) . As different extraction methods and analyses by HPLC and LC-MS analysis could not distinguish chemical differences between WT and the PfmaE mutant, we explored an alternative approach to address this problem.
Recently, heterologous expression in model fungal systems have been used successfully to activate silent or cryptic gene clusters (Bond et al., 2016; Sun et al., 2016; Wanka et al., 2016) . Using A. nidulans as heterologous host, a number of cryptic polyketides including neosartoricins, asperfuranone, citreoviridin from different fungal species were activated (Chiang et al., 2013; Yin et al., 2013; Lin et al., 2016) . Here we express the Pfma cluster in A. nidulans, resulting in the identification of DHN melanin precursors including scytalone. Further, we demonstrate that conidial pigmentation was restored by feeding scytalone to the P. fici DPfmaE strain. Unexpectedly, feeding scytalone also repaired a fractured conidial cell wall defect. Our results, thus, provide direct evidence that scytalone from the Pfma pathway contributes to the development of multicellular conidia in P. fici.
Results
Targeting of the pigment biosynthetic genes and creation of a deletion strain Fungal conidial pigments are frequently biosynthesized by PKSs. For example, PKS PksP/Alb1 in A. fumigatus is required for melanin spore synthesis (Langfelder et al., 1998; Bayry et al., 2014) and WA is the PKS required for the conidial green color in A. nidulans (Tsai et al., 1999; Watanabe et al., 2000) . To identify the PKS related to the conidial pigment in P. fici, we searched the genome for sequences similar to Alb1 and found the PKS encoding gene Pfici_07101 (named PfmaE) with an amino acid identity of 44% to Alb1. By phylogenetic analysis of PKS sequences involved in the pigment formation in different fungi (Supporting Information Fig.  S1 ), we found that PfmaE clusters with putative pigment biosynthetic PKSs. Notably, PfmaE shared amino acid identities of 72% with both the PKSs from Magnaporthe oryzae (MGG_07219) and Colletotrichum higginsianum (CH63R_08918) (Fig. 3 and Supporting Information Fig.  S1 ). Therefore, PKS PfmaE was selected as a candidate pigment PKS.
RT-PCR indicated that PfmaE was expressed when P. fici was grown at 258C on PDA for 7 days, a condition promoting spore production (Supporting Information Fig.  S2 ). To assess the function of PfmaE, we deleted the coding region of PfmaE by replacing it with a hygromycin (HygB) gene cassette employing a previously described transformation method (Wu et al., 2016) . Genomic DNA was extracted from the transformants and correct gene replacements were confirmed by diagnostic PCR (Fig. 1) . For complementation of PfmaE, we constructed a complementary plasmid containing the PfmaE open reading frame with its own promoter and terminator, and transformed it into DPfmaE (TYXW7.1, Supporting Information Table S2 ) strain. The complemented transformants of DPfmaE (TYPZ5.1, Supporting Information Table S2 ) were confirmed by diagnostic PCR using designated primers (Supporting Information  Table S3 , Fig. 1C ).
PfmaE is involved in the pigmentation and development of multicellular conidia
To study the morphology and metabolite production related to this PKS pathway, we grew P. fici WT, DPfmaE and DPfmaE C strains on PDA plates for 14 days. When observing the plates under stereomicroscopy, the conidiophores showed a brown color in DPfmaE strains in comparison to the black color in WT and DPfmaE C strains. This suggested that deletion of PKS PfmaE affects conidial pigmentation. Microscopy confirmed this and showed two defects: not only decreased pigmentation but also incomplete multicellular formation of the DPfmaE conidia compared to the spores of WT and DPfmaE C strains ( Fig. 2A-C) . To examine the impact of PfmaE loss in greater detail, cell walls were observed and compared in spores of WT, DPfmaE and DPfmaE C strains using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Spores of the PfmaE deletion mutants showed clear fractures between the conidial cells by both SEM and TEM, while multicellular development and pigmentation were restored in the PfmaE complemented strains ( Fig. 2D-G) . The black pigment cell wall layer was absent in the PfmaE deletion mutants compared to the WT (Fig. 2H-I ) giving it a smoother appearance than that of the WT (Fig. 2I ). This indicated that PKS PfmaE is essential for the formation of a pigment layer in the spore cell wall. Taken together, these data show that the PKS PfmaE pathway is not only involved in the biosynthesis of pigment but also essential for spore development.
To identify the product of the PKS pathway related pigments, we assessed the secondary metabolite production of WT, DPfmaE and DPfmaE C strains. Metabolite extraction and HPLC analysis, did not reveal any differences in chemical profiles between WT and DPfmaE strains (Supporting Information Fig. S3 ), even though the extracts were analyzed by LC-MS. This suggested that PfmaE product(s) were possibly too low in concentration, or cryptic or too complex (as in a polymer) to be detected.
Bioinformatic analysis of Pfma gene cluster
To construct the Pfma gene cluster, we first predicted the extent of the Pfma gene cluster by bioinformatics analysis and antiSMASH software (Medema et al., 2011) according to the genome annotation . The putative cluster consists of one putative 5-oxoprolinase (Pfici_07097, PfmaA), one putative proline iminopeptidase (Pfici_07098, PfmaB), and a putative transporter (Pfici_07099, PfmaC), one putative oxidase (Pfici_07100, PfmaD), a core PKS (Pfici_07101, PfmaE), two putative transcription factors (TFs, Pfici_07102 and Pfici_07104, PfmaF and PfmaH) and a putative reductase (Pfici_07103, PfmaG) (Fig. 3) . By BlastP searches for orthologous genes (NCBI), we found that five genes of the putative cluster are conserved in three fungal strains: P. fici, M. oryzae and C. higginsianum. Three genes encoding the PKS, the putative oxidase and the reductase are conserved between P. fici and the human pathogen, A. fumigatus where YWA1 is the product of PksP/Alb1 in A. fumigatus (Pihet Fig. 1 . Generation of PfmaE deletion and complementary mutants in P. fici. A. Schematic illustration of disruption and complementation of PfmaE. Transformation was performed using a PEG-mediated protoplast transformation method. Four pairs of primers including P1F/R (PfmaE RT_F/R), P2F/R (KOPfmaE_5f_F/R), P3F/R (KOPfmaE_3f_F/R) and P4F/R (ScaI_PfmaE_F and AscI_PfmaE_R) were used for transformant screening. B. Confirmation of DPfmaE strains by diagnostic PCR. In the DPfmaE strains, the specific bands (about 1.3 and 1.5 kb) were only detected in mutants (T1-T3) but not in WT. C. Confirmation of DPfmaE complementation strains by diagnostic PCR, specific bands (about 2 kb) were detected in DPfmaE C strains (C1-C3). Lane M: 500 bp DNA Ladder.
et al., 2009). The putative oxidase PfmaD showed amino acid identities of 56% with MGG_07220, 51% with CH63R_08919 and 39% with Abr1, respectively. Abr1 functions as a vermelone dehydratase in A. fumigatus (Pihet et al., 2009) . PfmaG shared 69% identity with MGG_07216 from M. oryzae, 69% identity with CH63R_08913 from C. higginsianum and 51% identity with Arp2 from A. fumigatus, which has been identified as a T4HN reductase (Pihet et al., 2009 ). This suggests that PfmaD and PfmaG may have similar functions to Abr1 and Arp2. PfmaH was found to share 35% amino acid identity with the known TF Amr1 from Alternaria brassicicola (Fig. 3B) , which has been proven to induce melanin biosynthesis (Cho et al., 2012) . Interestingly, we found a 10 Kb region between PfmaE and PfmaF with no predicted gene apparent in this area.
Heterologous construction of the Pfma gene cluster in A. nidulans
We designed and constructed the Pfma cluster (PfmaA-D, G, H 1 E) in two separate steps: (i) cloning of the PKS encoding gene PfmaE and (ii) the selected genes in the cluster without the PKS. Firstly, a fragment carrying PfmaE with its own promoter (1 kb of upstream) and terminator (0.5 kb of downstream) was amplified from genomic DNA and then cloned into a vector containing AMA1 (autonomous maintenance in Aspergillus) sequence (Aleksenko and Clutterbuck, 1997) to give plasmid pYPZ18.1 ( Fig. 4A and Supporting Information Table S1 ). The AMA1 sequence was incorporated into the plasmid and the use of this sequence has been shown previously to upregulate production of natural products in A. nidulans (Bok et al., 2015) . Then plasmid pYPZ18.1 and the empty plasmid pRGAMA1 were transformed into an A. nidulans host LO8030 which has been engineered for secondary metabolite detection . The correct transformants, TYPZ8 (PfmaE expression strain), were verified by PCR screening (Fig. 4B) . Secondly, we cloned the remaining genes (PfmaA-D, G, H) from the cluster using a yeast assembly method (Yin et al., 2013) . During this assembly, the promoter of TF PfmaH was replaced with the A. nidulans gpdA Observations were performed under the stereomicroscope and optical microscope for WT (A), DPfmaE (B) and PfmaE C (C) (left column: scale bar 5 500 lm, right column: scale bar 5 10 lm); Conidia from the WT, and DPfmaE strains were harvested from 14 d PDA plates. The ultrastructural characteristics of conidia were observed using SEM (D, WT and E, DPfmaE) and TEM (F, WT and G, DPfmaE) (scale bar 5 20 lm). In contrast with the WT conidia, DPfmaE showed severe fractures between cells. A 103 higher magnification of pictures F and G showed clearly that the pigmentation layer present in the WT (H) disappeared in DPfmaE (I) (scale bar 5 2 lm).
promoter. The assembled DNA fragments were inserted into a vector that was modified from pYH-WApyrG, containing an A. fumigatus riboflavin biosynthesis gene (AfriboB) as a selection marker, to generate plasmid pYPZ37.1 (Yin et al., 2013 ) (Methods, Fig. 4A , and Supporting Information Table S1 ). pYPZ37.1 was then linearized with SwaI and transformed into the TYPZ8.1(PfmaE expression strain) to create transformants TYPZ13.1 with 7 cluster genes (PfmaA-E, G, H). These were verified by PCR screening (Supporting Information Table S3 , Fig. 4C and Supporting Information Fig. S4 ). And the transformants TYPZ12.1 with 6 genes (PfmaA-D, G, H) were constructed as the negative control strains. Chemical characterization of pathway metabolites from the heterologous host Transformants of TYPZ8.1 (PfmaE expression strain), TYPZ13.1 (Pfma A-E, G, H expression strain) and a control strain TYPZ12.1 (PfmaA-D, G, H) were cultivated in LMM media for assessing metabolite production in A. nidulans. HPLC analysis indicated that two new peaks at 10.2 and 13.7 min appeared in the PfmaE expression strain and an additional peak appeared in the Pfma A-E, G, H expression strain at 9.2 min in comparison to an isogeneic control strain TYPZ12.1(PfmaA-D, G, H) ( To characterize the newly produced peaks, large scale fermentations (5L) were carried out for two strains. The organic extracts were fractionated by Sephadex LH-20 column chromatography (EXPERIMENTAL PROCE-DURES). The subfractions containing the targeted metabolites were then selected for further purification. After semipreparative reversed-phase HPLC separation, peaks 1 and 2 were purified. NMR spectroscopy and LC-MS data enabled us to elucidate their structures as known compounds: flaviolin (2) and scytalone (1) (Supporting Information Figs. S7 and S8; Table S4 and S5), which corresponded well to the reported structures (Bell et al., 1976b; Jeong et al., 2005; Schatzle et al., 2012; Vagstad et al., 2012) . Due to the low amount of peak 3, NMR analysis was not possible. However, the m/z 193 Fig. S9 ) suggested compound 3 to be 1,3,6,8-tetrahydroxynaphthalene (T4HN) (Fig. 4E ). T4HN was reported as an unstable compound which is spontaneously oxidized to flaviolin (Vagstad et al., 2012) . All three compounds were reported to be involved in the biosynthesis of DHN melanin. Therefore, our results show that the Pfma cluster contributes to the biosynthesis of DHN melanin.
Functions of the genes of the Pfma biosynthetic pathway
To identify the functions of the genes from the Pfma cluster, each gene (PfmaA-E, G, H) was deleted by homologous recombination in the heterologous host, A. nidulans, using a described strategy (Chiang et al., 2013) (Fig. 5A ). The gene deletion cassette used AfpyroA as selection maker and the transformants were verified by diagnostic PCR with screening primers (Fig.  5B ). HPLC analysis of crude extracts from transformants showed that PfmaE and PfmaG are essential for the biosynthesis of scytalone because no scytalone was detected in the deletion mutants of PfmaE and PfmaG, while scytalone was still produced in the deletion mutants of PfmaA-D and PfmaH (Fig. 5C ). This result indicated that the TF, PfmaH, may not regulate the process of scytalone production from T4HN.
To address the function of another TF, PfmaF, we constructed the over expression vector of PfmaF using the gpdA promoter (Fig. 6A) . Then, the plasmid was transformed into the host TYPZ13.1 containing Pfma A-E, G, H to create the strain TYPZ22.1 including all cluster genes Pfma A-H. Meanwhile, the plasmid was transformed into LO8030 to create TYPZ31.1 as a control. The extracts of TYPZ22.1 (Pfma A-H) showed a deep red color due to the accumulation of flaviolin (1) (Supporting Information Fig. S5B ) and HPLC analysis demonstrated significantly increase of compounds 1, 2, and D. HPLC analysis of crude extracts from PfmaE and PfmaA-E,G,H expressed strains. Two new peaks 2, 3 were found in PfmaE expressed mutants. An additional peak 1 was found in Pfma cluster expressing mutants in comparison to control (PfmaA-D,G,H expressed strain). E. The structures of scytalone (1) and flaviolin (2) elucidated by NMR and LC-MS analysis. Peak 3 was determined by LC-MS analysis because it is not stable.
3 in the PfmaF overexpressing strain TYPZ22.1 (Fig.  6B) . Therefore, our results indicated that TF PfmaF upregulated the biosynthetic steps in the melanin pathway. Concomitantly, expression levels of each Pfma cluster gene was detected by qPCR and showed significant upregulation of PfmaC-H in the PfmaF overexpressing strain TYPZ22.1(Pfma A-H) in comparison to the control (Fig. 6C) .
Next, to exclude the endogenous pigment effect of A. nidulans on exogenous pfma cluster, we analyzed the expression level of the homologue of Ayg1 (AN9171) which shared amino acid identity of 41% to PFICI_10222 from P. fici. However, PFICI_10222 is not located at the Pfma cluster. Because the native A. nidulans melanin PKS (wA, AN8209) was disrupted by the integration of Pfma cluster, it is reasonable to speculate that AN8209 is expressed at a very low level in TYPZ22.1 (Pfma A-H) expression strain) compared with the control (Supporting Information Fig. S6 ). Considering the white spore color of Pfma A-H expression strain, it is possible that Pfma pathway does not complement wA pathway in A. nidulans. Another gene AN9171 was almost no significant expression differences in TYPZ22.1 (Pfma A-H) expression strain compared to the control (Supporting Information Fig. S6 ). Taken together, our result suggested no clear crosstalk between Pfma cluster genes with wA pathway.
Scytalone restores the conidial pigmentation of a DPfmaE strain
As studies in other fungi have demonstrated that precursor feeding can restore metabolite production in mutants (Lin et al., 2014) , we thought it possible that feeding scytalone to the DPfmaE strain could restore WT spore development. We fed 500 lg scytalone to the DPfmaE strain and compared it to the mutant without scytalone as control. After two weeks, the spore pigmentation was found to be partially restored in the PfmaE deletion strain compared to that of the scytalone minus strain (Fig. 7A and B) . Additionally, the individual cells of the spore showed less fragmentation after scytalone feeding. Therefore, scytalone from melanin pathway is essential for the pigmentation and conidial development of P. fici.
Role for Pfma pathway in UV protection of spore Fungal melanins frequently play important roles in cell protection including UV resistance and stresses (Eisenman and Casadevall, 2012; Li et al., 2014) . To test the UV resistance of non-pigmentation mutants, we performed spore germination experiments under different UV exposure doses to WT, and DPfmaE mutants (EXPERIMENTAL PROCEDURES). With no UV (0 J/ m 2 ) irradiation, the germination rate of WT and DPfmaE showed no difference. When the energy of UV reached to 20, 50 and 100 J/m 2 , the germination rates of DPfmaE strains were significantly reduced in comparison to the WT strain (Fig. 8) .
Discussion
Secondary metabolites play very important roles in filamentous fungi, but they are often either cryptic or silent in the laboratory conditions and may present complex, difficult to analyze structures, e.g., fungal melanin (Gerke et al., 2012; Shao et al., 2013; Nosanchuk et al., 2015; Rutledge and Challis, 2015) . Thus, it is hard to Fig. 7 . Feeding study of scytalone in P. fici. DPfmaE strain.
A. Spores of the DPfmaE strain under the microscope after feeding with 500 lg scytalone dissolved in DMSO (the arrow showed the conidia pigment had restored), B. and spores of the same DPfmaE strain cultured with no scytalone as a control, scale bar 5 10 lm. characterize their structures and to study the function of these metabolites, many of which are emerging as critical for fungal development. Here we demonstrate that combining developmental biology approaches in a genetically recalcitrant species, P. fici, with the advanced genetics of the heterologous host A. nidulans, allows for a system to blend biological function and chemistry elucidation of fungal natural products. Deletion mutants of a PKS, PfmaE, in P. fici, showed loss of pigments and fractures in the surface of multicellular conidia (Fig. 2) . This result suggested to us that the surface pigments were important for conidial development and integrity. Therefore, we tried different extraction methods and analyzed the crude extracts with HPLC (Supporting Information Fig. S3 ) and LC-MS (data not shown) but no difference in metabolites was identified. The same situation also happened in the disruptions of MrPKS1 in M. robertsii , PKS12 and PKS13 in B. cinerea (Schumacher, 2016) as well as PKS1 in P. microspora (Yu et al., 2015) . All of these PKS are involved in the pigment formation but no identified compounds were found. Interestingly, deletion of PKS1 in P. microspora showed the same fractured conidial formation with no pigmentation as the conidia in the PfmaE deletion in P. fici. Although the PKS1 in P. microspora was connected to the melanin biosynthesis pathway using the melanin inhibitor tricyclazole, no chemical evidence was provided. Thus, these failures to chemically characterize the pigments in these diverse fungi led us to explore the use of a heterologous expression system. Several studies had described successful activations of cryptic or silent biosynthetic gene clusters such as neosartorycin and citreoviridin in A. nidulans (Yin et al., 2013; Lin et al., 2016) . Subsequently, A. nidulans was engineered by eliminating eight biosynthetic gene clusters from major pathways of metabolites. This made it a better host with a relatively clean background and led to the discovery of a new compound aspercryptin . An additional reason to use A. nidulans as the heterologous host in our study is because the melanin synthesis pathway in A. nidulans is distinct from that of A. fumigatus -the likely melanin pathway in P. fici (Chiang et al., 2010) . For both Aspergillus spp., they have the same first step for conidial pigment YWA1 formation which catalyzed by PKS Alb1p in A. fumigatus and WA in A. nidulans respectively (Chiang et al., 2010) . However, the following enzyme Ayg1p in A. fumigatus catalyzes chain-length shortening to produce T4HN (Fujii et al., 2004; Tsai et al., 2001 ) whereas the second enzyme in A. nidulans is the laccase yA (Ohara and Timberlake, 1989) . Thus, using A. nidulans as the host to minimize possible interference from the host melanin pathway, we expressed successfully the PKS PfmaE and Pfma cluster (Fig. 4A-C) and elucidated the structures of flaviolin and scytalone ( Fig. 4D and E) respectively. Scytalone is a precursor of A. fumigatus DHN melanin (Bell et al., 1976a; Wheeler et al., 1976; Pihet et al., 2009) , which suggested that the Pfma cluster was synthesizing the spore melanin in P. fici.
Several intermediates have been characterized from the DHN melanin pathway. T4HN was identified as the product of PKS in Colletotrichum orbiculare Watanabe and Ebizuka, 2004) and M. grisea (Howard and Valent, 1996) . But it is not stable and easily oxidized into the stable form flaviolin (Kubo et al., 1985; Vagstad et al., 2012) as we found. YWA1 is another intermediate produced by A. nidulans WA or A. fumigatus PksP/ALB1, as confirmed by heterologous expression in A. oryzae Watanabe et al., 2000) . In P. fici, we determined the molecule weight of T4HN by LC-MS analysis (Supporting Information Fig. S9 ) which allows us to speculate that T4HN is the product of PKS PfmaE. The following step to produce scytalone should be catalyzed by one enzyme T4HN reductase (Thompson et al., 2000) . Individual deletion of Pfma cluster genes in A. nidulans showed that only the PKS PfmaE and reductase PfmaG are essential for the biosynthesis of scytalone. Indeed, scytalone was detected when we co-expressed PfmaE and PfmaG in A. nidulans (Fig. 5D ). Taken together, our results showed that P. fici conidial pigment was from DHN-melanin pathway and requires two enzymatic steps: PKS PfmaE produces T4HN, which is reduced by PfmaG to form scytalone.
Analyzing our results, some genes in Pfma cluster showed no function in the synthesis of T4HN or scytalone. An important question is how the precursor scytalone forms the final polymerized melanin. Additional genes are needed for this process. Through the analysis of melanin biosynthesis pathways in other fungi, we found that the genes for synthesizing DHNmelanin were not always clustered together (e.g., DHN-melanin biosynthesis pathways in B. cinerea) (Schumacher, 2016) . Checking the P. fici genome, we found one gene PFICI_02498 coding for a putative scytalone dehydratase and sharing an amino acid identity of 57% with Arp1 of A. fumigatus (Pihet et al., 2009 ). This enzyme is a candidate to catalyze scytalone conversion to 1,3,8-THN. And we also found PfmaD in the Pfma cluster, coding for a putative vermelone dehydratase sharing an amino acid identity of 39% with Abr1. This enzyme may catalyze vermelone to 1, 8-DHN, which is finally polymerized by a putative fungal laccase encoded by the PFICI_06862 (30% identity with Abr2), which is the orthologue gene of abr2 gene in A. fumigatus (Pihet et al., 2009) .
To understand how the melanin pathway contributes to multicellular conidial development, we performed ultrastructural analyses of multicellular conidia of P. fici by SEM and TEM. A heavy black layer was deposited on the conidial surface of the wild type. By contrast, the black layer disappeared in the multicellular conidia of PfmaE deletion strains (Fig. 2) . This suggested the PKS played a role in the biosynthesis of conidial pigments. The feeding of scytalone partially recovered the spore pigmentation and conidial development of DPfmaE strain. Therefore, these findings provide direct chemical evidence for the contribution of melanin to the development of multicellular conidia in fungi.
Experimental procedures

Strain, media and culture conditions
The fungal strains used in this study are listed in Supporting Information Table S1 . P. fici CGMCC3.15140 and its transformants were grown at 258C on Potato Dextrose Agar (PDA) or Potato Dextrose Broth (PDB) with appropriate antibiotics as required. A. nidulans strains were grown at 378C on glucose minimum medium (GMM) (Shimizu and Keller, 2001 ) for sporulation, transformation and appropriate were supplemented with 0.56 g uracil/L, 1.26 g uridine/L, 0.5 lM pyridoxine HCl, 2.5 lM riboflavin. Escherichia coli strain DH5a was cultured in LB medium with antibiotics appropriate for the resistance markers on the plasmid DNA. Saccharomyces cerevisiae strain BJ5464-NpgA (MATa ura3-52 his3-D200 leu2-D1 trp1 pep4::HIS3 prb1D1.6R can1 GAL) was used as the host for DNA assembly, and it was grown on Yeast Extract Peptone Dextrose Medium (YPD). After transformation, S. cerevisiae was selected on synthetic dextrose complete medium (SDCt) with appropriate supplements corresponding to the auxotrophic markers (Wu et al., 2016) .
Gene cloning, plasmid construction and genetic manipulation
Plasmids are listed in Supporting Information Table S2 and the oligonucleotide sequences are given in Supporting Information Table S3 . PCR reactions were carried out using Q5 high-fidelity DNA polymerase (New England Biolabs) on a T100
TM Thermal cycler from Bio-Rad PCR screenings after transformation were performed using 2 3 Taq Mix kit (TIANGEN BIOTECH). All the restriction enzymes used in this study were purchased from New England Biolabs.
To generate the PKS PfmaE deletion cassette, we used a yeast recombination strategy as described previously (Wu et al., 2016) . Briefly, hygromycin B was amplified from the pUCH2-8 (Supporting Information Table S1 ). Around 1 kb fragments upstream and downstream of the gene PfmaE were amplified from P. fici genomic DNA using the designed primers (Supporting Information Table S3 ). Three PCR fragments and linearized pXW06 (Supporting Information Table  S1 ) were then assembled in yeast to give plasmid pYXW7.1 (Supporting Information Table S1 ). For complementary vector construction, PfmaE coding region with 1 kb promoter upstream and 0.5 kb terminator downstream was amplified from P. fici genomic DNA using primers ScaI_Pf-maE_F and AscI_PfmaE_R (Supporting Information Table  S3 ) and inserted into ScaI-AscI sites of binary vector pAG1-H3-G418 to create the plasmid pYPZ39.1 (Supporting Information Table S1 ).
To construct the heterologous expression vector, PKS PfmaE containing its own promoter and terminator was amplified using primers XmaI_PfmaE_F and NotI_PfmaE_R (Supporting Information Table S3 ) and inserted into NotIXmaI sites of pRG-AMA1 cut with the same enzymes to create plasmid pYPZ18.1 (Supporting Information Table S1 ). For construction of the Pfma cluster (PfmaA-D PFICI_ 07097 2 07100, and PfmaG-H PFICI_07103 2 07104), SOE (splicing by overlapping extension)-PCR and yeast based assembly approaches were used (Colot et al., 2006) . First, we created a vector pYWB2 by replacing maker gene AfpyrG of pYH-WA-pyrG with AfRiboB (Yin et al., 2013) . AfRiboB was amplified from A. fumigatus genomic DNA using primers riboB wA_F and riboB wA_R (Supporting Information Table  S3 ). The vector contains the flanking regions of spore pigment producing PKS wA which introduce the targeted DNA fragments into wA gene locus (Yin et al., 2013) . Thus, it is convenient to screen the transformants by visible white spore color. Secondly, five PCR fragments with overlapping regions (43-171 bp) were amplified from P. fici genomic DNA using designated primers (Supporting Information Table S3 ). During the construction, the gpdA promoter was introduced to drive expression of transcription factor PfmaH (PFICI_07104) by single joint PCR using designated primers (Supporting Information Table S3 ). The fusion PCR product was inserted into the pBLUNT forming the plasmid pYPZ31.1 and was subcloned into the NotI-SpeI sites of pUCH2-8 to produce pYPZ33.1. Then, all fragments and NotI digested pYWB2 were purified and transformed into S. cerevisiae BJ5464-NpgA using a S. c. EasyComp Transformation Kit (Invitrogen). The yeast colonies obtained were analyzed by PCR screening. Yeast plasmids were isolated using the Zymoprep (D2001) Kit (Zymo Research) and transformed into E. coli DH5a. All plasmids were confirmed by restriction enzyme digestion.
To delete Pfma cluster genes in the heterologous host A. nidulans TYPZ13.1 individually, we constructed deletion cassettes using the same method as for the deletion of PKS PfmaE in P. fici. About 1 kb flanking sequence up-and down-stream of target genes was amplified from pYPZ37.1 using designated primers (Supporting Information Table  S3 ). Then the obtained fragments were inserted up-and down-stream of AfpyroA in the recipient vector pWY25.16 to create the knock-out cassettes pYPZ42.1-pYPZ45.1 using a modified Quick-Change method (Supporting Information Table S1 ).
For the construction of PfmaG, the gene with its own promoter and terminator was amplified from the P. fici genome using the designed primers (Supporting Information Table  S3 ), and was inserted into pYWB2 using the same method (Quick-Change) to create pYPZ46.1 (Supporting Information Table S1 ). For the PfmaF overexpression in heterologous host A. nidulans TYPZ13.1, the PfmaF, with its terminator but without its own promoter, was inserted into the following position of gpdA promoter in pWY25.16 using Quick-Change to create the pYPZ48.1 (Supporting Information Table S1 ).
Transformations of P. fici and A. nidulans
Transformations of P. fici. For the creation of deletion strains of PfmaE (PFICI_07101), the deletion cassette was amplified from the template pYXW7.1 using primers KOPfmaE_5f_F and KOPfmaE_3f_R. Then, DNA fragments were transformed into P. fici as described previously (Wu et al., 2016) . Hygromycin B resistant colonies were selected after culturing on PDA at 288C for 5 days. The disruption mutants were verified using diagnostic PCR with primers inside and outside the corresponding gene (Supporting Information Table S3 ). To get the PfmaE complementary strain in the DPfmaE background, plasmid pYPZ39.1 containing PfmaE was transformed into DPfmaE (TYXW7.1) via the same method as described above. Both Hygromycin B and G418 resistant colonies were selected and then confirmed by diagnostic PCR with designated primers (Supporting Information Table S3 ).
Transformations of A. nidulans and heterologous expression. A. nidulans strain LO8030 was used as the recipient host . Fungal protoplast preparation and transformation were performed as described by Yin et al. (Yin et al., 2013) . The PKS PfmaE containing plasmid pYPZ18.1 and the empty vector pRG-AMA1 were transformed into host strain LO8030 to create the PfmaE expression strain TYPZ8.1 and the control strain TYPZ9.1 (Supporting Information Table S2 ) respectively. Plasmid pYPZ37.1, containing the rest Pfma cluster genes, was linearized and transformed into strain TYPZ8.1 and TYPZ9.1 to create the full cluster expression strain TYPZ13.1 and isogenic control TYPZ12.1 (Supporting Information Table  S2 ) respectively. For the PfmaG (PFICI_07103) expression, the pYPZ46.1 was transformed into TYPZ8.1 and TYPZ9.1 (the negative control) to give the strains of TYPZ20.1 and TYPZ21.1 (Supporting Information Table S2 ). For the PfmaG overexpression in heterologous host A. nidulans TYPZ13.1, the pYPZ48.1 was transformed into TYPZ13.1 and LO8030 (the negative control) to give the strains of TYPZ22.1 and TYPZ31.1 respectively (Supporting Information Table S2 ). Transformants were verified using diagnostic PCR with appropriate primers (Supporting Information Table  S3 ).
Knockout experiment in A. nidulans. For the mutation manipulation in A. nidulans, the fragments of 5 0 flankAfpyroA-3 0 flank was amplified from the appropriate plasmids (Supporting Information Table S1 ) and transformed into the TYPZ13.1 respectively. The disruption transformants were verified using diagnostic PCR with appropriate primers inside and outside the corresponding gene (Supporting Information Table S3 ).
Light microscopy and electron microscopy P. fici WT and DPfmaE (TYXW7.1, Supporting Information Table S2 ) strains were grown at 258C on PDA for 14d with appropriate antibiotics as required. Then, conidia from WT and TYXW7.1 were collected for observation using a stereomicroscope, an optical microscope (Olympus CH-BI45-7, Tokyo, Japan), a scanning electron microscope (SEM, Hitachi SU8010) and a transmission electron microscopy (TEM, JEM-1400).
For SEM observation, conidia samples were suspended in 2.5% glutaraldehyde buffer overnight at 48C. Then, the samples were washed 3 times with 0.1 M sodium phosphate (pH 7.2), 10 min per time. Then, they were washed and dehydrated with a series of ethyl alcohol solutions (30%, 50%, 70%, 85%, 95%, 3 3 100%). Then, the dried samples were coated with platinum using a Hitachi E-1045 ion sputter and observed with a Hitachi SU8010 SEM.
For TEM observation, the conidia of WT and DPfmaE were collected from the PDA plates and cut into slices (less than 1 mm thick). Then, the slices were fixed immediately in 2.5% glutaraldehyde in PBS buffer (pH 7.4) at 48C overnight. Next, they were washed with the same PBS buffer for 4 times and post-fixed with 1% osmium tetroxide for 1 h. Dehydration was then performed with an acetone series (50%, 75%, 85%, 95%, 100%), and these slices were embedded in Spurr's resin. Ultrathin serial sections (about 70 nm thickness) were cut from resin blocks, followed by uranyl acetate staining.
RNA extraction, reverse transcriptase PCR and quantitative RT-PCR P. fici was cultivated on PDA medium for 7d and the A. nidulans strains were cultivated at 258C in 20 ml liquid LMM for 3d or 4d. Total RNAs from the mycelia of P. fici and A. nidulans strains were extracted using a TranZol TM kit (Transgen Biotech, China). The quality of RNAs was checked in a Conidial development in P. fici 479 nucleotide analyzer Quawell Q3000 (Quawell). Single strand cDNAs were synthesized using the Fast Quant RT Kit (Tiangen Biotech, China) according to the manufacture's protocol. The gene coding for putative pigment related PKS PfmaE was used for the transcriptional analysis.
Quantitative real-time PCR (qRT-PCR) was conducted using a CFX96 Real-Time System (Bio Rad). KAPA SYBR FAST qPCR Kit was used for the reactions (2 3 KAPA SYBR FAST qRCP Master Mix: 10 ll, 10 lM Forward/ Reverse Primer: 0.4 ll, Template cDNA: 1 ll, Water to 20 ll). Reaction conditions were conducted at 958C for 3 min followed by 40 cycle of [958C for 3 s, 608C for 20 s, 728C for 20 s]. This was followed by one cycle of 658C for 5 s and 958C for holding to calculate the disassociation curves. Each cDNA sample was performed in triplicate and the average threshold cycle was calculated. Relative expression levels were calculated using the 2 -DDCt method. Then, the results were normalized to the expression level of actin (AN6542). qRT primers were designed in Supporting Information Table S3 .
Analytical methods, equipment and compound isolation
HPLC analysis was performed on a Waters HPLC system (Waters e2695, Waters 2998, Photodiode Array Detector) using an ODS column (C18, 250 3 4.6 mm, YMC Pak, 5 lm) with a flow rate of 1 ml/min. Semi-preparative HPLC was performed using an ODS column [HPLC (YMC-Pack ODS-A, 10 3 250 mm, 5 lm, 3 ml/min)]. Column chromatography (CC) were performed with silica gel (200-300 mesh, Qingdao Marine Chemical Inc., Qingdao, China), and Sephadex LH-20 (Amersham Biosciences) respectively. LC-MS utilized on an Agilent Accurate-Mass-QTOF LC/MS 6520 instrument. NMR spectra ( 1 H, 13 C) were recorded on a Bruker Avance-500 spectrometer using TMS as internal standard, and chemical shifts were recorded as d values.
For secondary metabolite assessment, P. fici (WT, DPfmaE and DPfmaE C ) strains were grown on PDA media at 258C for 7 days. A. nidulans strains were cultivated at 258C in 20 ml liquid LMM (supplemented with appropriate supplement) per plate. After 4 days of static submergedculture, 20 ml cultures were taken from each strain. The materials were extracted with 20 ml of ethyl acetate/methanol/acetic acid (89:10:1). The organic phase was evaporated in vacuo to dryness and redissolved in 200 ll methanol for HPLC analysis. Fresh extracts were dissolved in methanol (5 mg/ml). Analytical HPLC was conducted with a flow rate of 1 ml/min using a linear gradient of 20-100% (0-20 min), 100% MeOH (20-25 min), 20% MeOH (25.1-30 min).
For fermentation and compound isolation from heterologous host A. nidulans, PKS PfmaE and Pfma cluster expression strains TYPZ8.1 and TYPZ13.1 were cultivated in 5 l of liquid LMM media at 258C for 4 d. Then, liquid culture and the mycelia from TYPZ8.1 were together extracted three times with MEA. The organic phase was evaporated to dryness under reduced pressure to afford the residue (430 mg). The crude residue (430 mg) was applied on Sephadex LH-20 eluted with MeOH to give 4 subfractions (Fr.1.1-Fr.1.4). The fraction 1.3 (6.1 mg) was purified by semi-preparative HPLC (75:25 CH 3 OH/H 2 O, 0.1% formic acid 3 ml/min) to afford 2 (1.7 mg, t R 13.7 min). The cultures from TYPZ13.1 were extracted by the method above to afford the residue (1.63 g). The crude residue (1.63 g) was applied on a Sephadex LH-20 column and eluted with MeOH to give 5 subfractions (Fr.1.1-Fr.1.5). Fraction 1.3 (53.7 mg) was applied to a Sephadex LH-20 column and eluted with MeOH again to give 5 subfractions (Fr.1.5.1-Fr.1.1.5). Fraction 1.5.3 was purified by semipreparative HPLC to afford 1 (1.9 mg, t R 9.2 min). 1 H, and 13 C NMR spectra in this study were obtained on a Bruker Avance III 500 spectrometer (500 MHz). Acetone-d 6 was used as the solvent for compound 2 (flaviolin), while DMSO-d 6 and acetone-d 6 was used as the solvent for compound 1 (scytalone).
UV resistance assay
For the UV resistance assay, conidia of P. fici WT, DPfmaE and PfmaE C were collected from 14d PDA plates. Conidia were suspended in 0.1% and 20 ll of spore suspension (5 3 10 3 conidia/ml) were inoculated on PDA medium in plastic petri plates (60 mm in diameter). UV light was provided by a UV crosslinker (UVP-CL1000 Ultraviolet Crosslinker). After exposure to UV radiation at doses of 0, 20, 50 and 100 J/m 2 , the plates were incubated at 258C for 24 h to observe the spore germination under the microscope (Olympus CH-BI45-7, Tokyo, Japan). All experiments were conducted in three replicates with non-irradiated plates as control. For statistical analyses, data were analyzed using the GraphPad Instate software package, version 5.01 (GraphPad software) according to the Tukey-Kramer multiple comparison test at P 0.05. Mean values with asterisks are statistically significant.
